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The aerospace industry is interested in increasing the strength while reducing the weight
of carbon fiber composite materials. Adding single walled carbon nanotubes (SWCNT) to
a polymer matrix can achieve that goal by improving delamination properties of the
composite. Due to the complexity of polymer molecules and the curing process, few 3-D
Molecular Dynamics simulations of a polymer-SWCNT composite have been run. Our
model runs on the Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS), with a COMPASS (Condensed phase Optimized Molecular Potential for
Atomistic Simulations Studies) potential to represent the interactions between the atoms
of the polymer and the SWCNT. This potential includes non-bonded interactions (9-6
Lennard-Jones), bond interaction (class2), angles (class2) and dihedrals (class2) to create
a molecular dynamics model for single-walled carbon nanotubes and EPON 862/DETDA
(Diethyltoluenediamine) polymer matrix. Two simulations were performed in order to
test the implementation of the potential. The first one is a tensile test on a SWCNT,
leading to a Young’s modulus of 1.4 TPa at 300K. The second one is a pull-out test of a
SWCNT from an originally uncured EPON 862/DETDA matrix.
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Chapter I: Introduction
I-1 Composite Materials
Composite materials, often referred to simply as composites, are developed to create
a material that has all the properties needed for an application by combining two or more
materials that have different positive properties into a material with the desired
properties. Fiber composites were created to replace aluminum, which is light, has high
strength and relatively high stiffness but is subject to corrosion and fatigue [1].
Composites can be found in nature and even in the human body. Wood is a natural
composite of cellulose and lignin. Cellulose fibers are strong in tension and are flexible,
while lignin binds the fibers together and makes them stiff. Bones are a composite of
strong but soft collagen (a protein) and hard but brittle apatite (a mineral) [1].
Carbon fiber reinforced plastic (CFRP) has been used in military aircraft since the
1960’s and in civil aircraft since the 1970’s [2]. CFRP is now used in the Boeing 787 and
Airbus A350, as the aviation industry switches to the age of all composite aircraft. CFRP
has been researched and used for many decades but still has structural issues of only
being resilient in the fiber direction. This can be alleviated using layers with different
fiber directions, which can be seen in color in Figure 1. The thickness strength
(perpendicular to the fibers) of the CFRP or any composite material is not nearly as high
as in the fiber direction [3].
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Figure 1: Carbon Fiber Reinforced Plastic Layup [4]

Crack initiation and growth is a weakness of CFRP. These crack failures often
present themselves as delamination at the interface between two layers. Figure 2 shows
how a thick composite panel cracks under an applied compression load. The initiation of
delamination can be caused by many different reasons such as: static bending in
compression or tension, cyclic failure, or by impact, tool drop, or bird strikes [3].

Z

Figure 2: Fracture of a CFRP due to delamination caused by compression load. The layers in the Z-direction
(given by arrow) are separated [43]
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In order to improve the strength of CFRP and prevent delamination, carbon
nanotubes (CNT), or carbon nanofibers (CNF), can be added to the polymer matrix.
Incorporating the CNT’s into the polymer matrix is the most common route to add CNT’s
to CFRP. Other methods include growing CNT’s onto the carbon fiber directly using
chemical vapor deposition, which is a complex and intensive process. Figure 3 shows a
visual representation of how CNT’s can bridge the gap of the initiated delamination
between layers.

Resin

Figure 3: Schematics of modeling the CNT bridging role: (a) interlaminar crack bridged by the CNT's, (b) the
crack tip where CNT's connect the upper leg and the resin rich layer, (c) the crack opening yields pull out of a
CNT [5]

This improves the delamination toughness of the composite [5]. If a minute
delamination occurs in between two layers in a composite, the CNT’s will act as a barrier
3

and stop the delamination from propagating further between the layers. The CNT bridges
the gap in the resin and deflects the crack propagation [3]. Figure 3c shows how the CNT
bridges the crack in the resin. In delamination of composites containing CNT’s, CNT
pull-out energy is required in addition to the fracture energy for crack initiation and
propagation [3].

The study of CNT/polymer pull out tests are important in the

understanding of how CNT’s can assist in delaying or preventing delamination in CFRP.

I-2 Carbon Nanotubes
When considering the discovery of CNT’s a clear distinction has to be made between
Multi-Walled Carbon Nanotubes (MWCNT’s) and Single-Walled Carbon Nanotubes
(SWCNT’s). SWCNT’s were first reported in 1993 in the 17th issue of Nature in two
independent papers. The first paper was written by Iijima and Ichihashi then affiliated at
NEC [6]. The second paper was by Bethune et al. [7] from IBM. The first mention of
forming carbon filaments through the thermal decomposition of hydrocarbon (methane)
was reported in 1889 in a patent for the use of the filaments in light bulbs [8]. The first
transmission electron microscope (TEM) image of some nano-sized carbon filaments
appeared in 1952 in the Journal of Physical Chemistry of Russia [9]. Before the work
done by Iijima researchers had worked on carbon filaments at various times but they were
lacking the technical resources to view their results (TEM, Scanning Electron
Microscope). Their work was also published in journals that were not read by such a
broad audience as NATURE and also the language barrier and the Cold War limited the
access to research in other countries [10].
Since the work done in 1991 by Japanese scientist Sumio Iijima and his team [11],
CNT’s have been intensively researched by scientists. They have a large aspect ratio, up
4

to several microns long and only a few nanometers in diameter. CNT’s can be seen as
being one-dimensional forms of fullerenes. They are therefore expected, and in some
cases have been proven, to have extraordinary electrical, molecular and mechanical
properties [12].
For the purpose of this research, the focus lies in the mechanical properties of the
carbon nanotubes. Table 1 shows a comparison of material properties [11]. SWCNT’s
with a Young’s modulus of just over 1 TPa are the ideal candidate for the application of
reinforcing composite materials.
Table 1: Comparison of material properties

Young’s modulus (GPa)

Tenssile Strength (GPa)

Density (g/cm3)

MWCNT

1200

150

2.6

SWCNT

1054

75

1.3

SWCNT bundle

563

150

1.3

Graphite (in plane)

350

2.5

2.6

Steel

208

0.4

7.8

Aluminum

69

0.125-0.4

2.7

Copper

117

0.220

8.96

Although this research focuses on single-walled carbon nanotubes CNT’s can also be
found as double-walled and multi-walled carbon nanotubes (Figure 4).
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Figure 4: Multi-Walled Carbon Nanotubes. The individual tubes are seen in different colors [13]

CNT’s are differentiated into three different categories based on their structure,
which is in part based upon the chiral vector n and m (Figure 5) [14]. Those are zig-zag
where the structure is (n,0), armchair where the structure is (n,n) or chiral where the
structure is (n,m) where n and m can be any combination of positive integers. The
diameter of any CNT can be determined by:
√

(1.1)

Where
0.246 nm

6

Figure 6: Zig-zag, chiral and armchair SWCNT with their corresponding graphene sheets [43]

Figure 5: Schematic of a 2D graphene sheet illustrating chiral vectors n is along a1 and m
along a2 [14]
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A SWCNT can be represented as sheet of graphene that is rolled up to create the
tube. Figure 6 shows a representation of zig-zag, chiral and armchair SWCNT’s along
with the corresponding graphene sheet for the tube. Electronic band calculations predict
that the (n,m) indices determine the properties of the SWCNT. The armchair structures
have metallic character, the zig-zag tubes can be either semi-metallic or semi-conductive
depending of the tube diameter and finally chiral SWCNT include both semi-metals and
semi-conductors [15].

I-3 Modeling CNT’s and polymer using Molecular Dynamics
Simulations
CNT’s are a relatively young material that has yet to be fully explored when it comes
to its material properties and possible applications. This is where Molecular Dynamics
(MD) simulations are extremely valuable allowing research models to be completed
before investing effort into experiments. In MD, individual atoms of the molecules are
modeled to represent the structure and Newton’s equations are integrated over time to
give information on the energy and position of the atoms. An advantage of MD is that
compared to doing physical experiments, it can be relatively inexpensive and can be
completed quickly. A disadvantage, however, is the small physical size of the model due
to the limited number of atoms that can be represented.
Having a good understanding of the interaction between the CNT’s and polymer
matrix is key to being able to apply the benefits of SWCNT to composite materials. MD
research by Komuves, et al. showed that the addition of 0.1% SWCNT weight fraction
improved the Young’s modulus of the SWCNT-EPON 862 composite by roughly 20%
compared to the pure EPON 862 matrix [16]. This matches similar MD results that were
8

achieved by Zhu et al. [17]. They show that the addition of (10,10) SWCNT to pure a
EPON 862 matrix resulted in a composite that was 10 times stiffer and increased the
Young’s modulus by 20% over the pure EPON 862 matrix. The EPON 862 matrix is the
polymer that holds the fibers in composites together and is often simply referred to as
resin.

Figure 7: MD snapshots of EPON 862/SWCNT interaction. In the individual time steps
the EPON 862 aligns its aromatic rings with the SWCNT starting at 32 ps. [18]

This result is furthermore supported by research done by Gou et al. [18] into
interactions between a (10,10) SWCNT, EPON 862, the curing agent W (DETDA) and
DGEBA (diglycidulether of bisphenol A) and diethylenetriamine (DETA) showed that
9

due to the π-stacking effect, the aromatic ring of the EPON 862, DETDA and DGEBA
aligns itself to the aromatic ring present in the SWCNT. To achieve the alignment, the
individual polymer molecules will change their orientation. This was not the case with
the DETA molecule that does not possess an aromatic ring. In this case the sandwich πstacking effect is the reason for the attraction [19]. Figure 7 shows the interaction
between a SWCNT and and EPON 862 molecule. The snapshots, that are taken at
different time steps, show how the SWCNT and EPON 862 molecule attract each other
and how the EPON 862 rotates so that the aromatic rings can line up with each other.
In work done by J. Tack [20], a COMPASS force field in Materials Studio and
CFF91 in Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) were
used to model the interactions between Epon 862 and DETDA. The COMPASS force
field showed more accurate results than the CFF91 force field.
So far the reviewed research has focused on the interaction between the SWCNT and
EPON 862/DETDA polymer. To enhance the delamination properties of a composite by
adding SWCNT’s to the polymer matrix, the study of the interaction between the
SWCNT and polymer is analyzed by performing pull-out tests. This study of the forces
between the embedded SWCNT and the EPON 862/DETDA are non-bond forces. They
consist of the Coulombic electrostatic forces and van der Waals forces. The pull-out tests
performed by Gou et al. [21] using MD showed that the interfacial shear stress between
cured Epon 862/DETDA resin was 75 MPa. The simulation was conducted with a single
SWCNT embedded in the cured resin matrix. The model consisted of 21,288 atoms and
the initial resin density of 1.2 g/cm3. The simulations done by [5] showed good results
using the COMPASS force field, in Material Studio, for their pullout simulations.
10

I-4 Objectives
The motivation of this research is to explore through Molecular Dynamics (MD)
simulations, the possibility of the addition of Single Walled Carbon Nanotubes to the
polymer matrix to prevent or delay the delamination of composites. At the current stage
the use of the COMPASS force field is showing the most accurate results in CNT-EPON
862/DETDA simulations. The work done by [5], [17], [16] and [18] is all carried out
using Materials Studio, a commercial molecular dynamics simulation package developed
by Accelrys. In Materials Studio the user does not have control over the compilation of
the potential that is selected for a simulation.
Due to the complexity of polymer molecules and the curing process, few 3-D
Molecular Dynamics simulations of a polymer-SWCNT composite have been run. For
this research the COMPASS (Condensed-Phase Optimized Molecular Potentionals for
Atomistic Simulation Studies) force field is created from data found in the literature. It is
set up so that it is applicable in LAMMPS (Large-Scale Atomic/Molecular Massively
Parallel Simulator), giving the user full control over the input and allowing modifications
to be made as more data becomes available for the force field. This potential includes
non-bonded interactions (9-6 Lennard-Jones), bond interaction (class2), angles (class2)
and dihedrals (class2).
Our potential is finally tested using two simple simulations. The first one is a tensile
test of a CNT alone. The second simulation is more complex and models the crosslinking process of the polymer followed by a pull-out test of a CNT from the polymer
matrix.

11

I-5 Nomenclature
CNT – Carbon Nanotube
MWCNT – Multi-Walled Carbon Nanotubes
SWCNT – Single-Walled Carbon Nanotubes
MD – Molecular Dynamics
fs – Femtosecond
ps – Picosecond
Å – Angstrom
DETDA - Diethyltoluenediamine (curing agent)
CFRP – Carbon Fiber Reinforced Polymer / Carbon Fiber Reinforced Plastic
CNF – Carbon Nano Fiber
EPON – Epoxy Polymer
LAMMPS – Large-scale Atomic/Molecular Massively Parallel Simulator
COMPASS – Condensed-phase Optimized Molecular Potentials for Atomistic
Simulation Studies
NVT – Number of atoms, constant volume and temperature
NPT – Number of atoms, constant pressure and temperature
NVE – Number of atoms, constant volume and energy
OPLS – Optimized Potential for Liquid Simulations
12

Chapter II - Methodology
II-1 Molecular Dynamics Simulations
LAMMPS (Large-Scale Atomic/Molecular Massively Parallel Simulator) is used for
the molecular dynamics (MD) simulations. Classical MD is a commonly used
computational tool for simulating the properties of liquids and solids at the molecular
level. In MD, each individual atom is treated as a point mass and Newton’s equations are
integrated to compute the atom motion. The computational task in MD simulations is to
integrate the set of coupled differential equations given by:
⃗

∑

(⃗ ⃗ )

∑∑

(⃗ ⃗ ⃗ )
(2.1)

⃗

Where

⃗

is the mass of atom i, ⃗ and ⃗ are its position and velocity vectors,

is

a force function describing the pairwise interactions between atoms,

describes three-

body interactions, and many-body interactions can be added.

are defined by

empirical potentials. The Verlet integration algorithm is used to calculate the atoms’
positions.
The Verlet integration algorithm calculates the atom positions at the next time step
based upon the atom positions at the current and previous time steps. It is derived by
computing two Taylor expansions of the position vector in different time directions:

⃗

⃗

⃗

⃗

⃗

(2.2)
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⃗

⃗

⃗

⃗

⃗

(2.3)

by adding equations (2.2) and (2.3)we get:

⃗

⃗

⃗

⃗

(2.4)

Or
⃗
Where

⃗

is the acceleration and

⃗

⃗

is the time step. The

(2.5)
and higher terms are

assumed to be small enough to be neglected in equation (2.5).
The advantage in using this technique is that the first and third order terms from the
Taylor expansion cancel out, making the Verlet integrator more accurate than integrations
by simple Taylor expansion alone.
By subtracting (2.2) and (2.3), and reducing the precision by dropping the higher
order terms, we obtain:
⃗

⃗

⃗

(2.6)

This shows that the velocity of an atom can only be calculated at the current time
step once the position has been calculated at the next time step.
The first step has slightly different equations, as we cannot use ⃗

. Instead, we

use the initial conditions:
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⃗

⃗

⃗

⃗

(2.7)

The simulations are performed using an NPT integration (constant number of atoms,
constant pressure and constant temperature in the simulation box) for the plain CNT
tension test. A NVT integration (constant number of atoms, constant volume and constant
temperature of the simulation box) is used for the pull-out test. LAMMPS achieves these
isothermal-isobaric integrations by applying a Nose/Hoover temperature thermostat. The
equations applied are:
⃗⃗

⃗
⃗⃗

⃗

(2.8)
⃗

(2.9)
(2.10)

where

is the current temperature and

simulation. ⃗ is a position vector, ⃗
vector, ⃗ is a force vector,

is the desired constant temperature of the

is a velocity vector, and ⃗⃗ is a momentum

is the thermostating rate and ς the thermodynamic friction

coefficient. This constant dynamically modifies the velocities of each atom to keep the
temperature of the model trending towards

.

Energy minimizations are performed at the beginning of each simulation as well as
multiple times during the pull-out simulation. The objective of the minimization is to
minimize the total potential energy of the system before starting the simulations, to

15

ensure that we start from an equilibrium situation. The atom coordinate files that have
been created are not 100% accurate and therefore the minimization is needed to reduce
the excess energy due to the offset positions. The Polak-Riberrie (PR) version of the
conjugate gradient (CG) minimization style is used. At each iteration, the force gradient
is combined with the previous iteration information to compute a new search direction
perpendicular (conjugate) to the previous search direction. The PR variant affects how
the direction is chosen and how the CG method is restarted when it ceases to make
progress. The complete equations used in LAMMPS are detailed in a paper written by the
code developer S. Plimpton [22].

II-2 Potentials
Potentials (force fields) are a fundamental part of MD simulations. They provide the
information on the interaction between the atoms in the simulation and allow the MD
code to perform accurate calculations. Having a good potential is necessary to accurately
represent the properties of the materials in the simulations. In recent years a lot of effort
has been put towards developing these force fields. Some are more generic such as the
Universal Force Field (UFF) which can be applied to a molecule composed of any atom
in the periodic table, where others are created for a more specific area of application such
as the AMBER, OPLS and CFF93 force fields developed for high accuracy predictions
[23].
Force fields are created by fitting the MD simulations parameters, cohesive energies
and equilibrium densities to experimental data [23] or to ab initio simulations.

16

The potentials are defined as the interactions between atoms that are divided up into
non-bond interaction, bonds, angles, dihedrals and impropers. A visual representation of
bond, angle, dihedral and impropers can be seen in Figure 8. A bond distance is defined
between two atoms (I-J), an angle is defined between three atoms (I-J-K) with J being the
middle atom, a dihedral is defined between four atoms (I-J-K-L) and an improper is
defined between four atoms (I-J-K-L) with J being the out of plane atom connected to I,
K and L. I, K and L are all three located in the same plane. The non-bond interactions are
defined between atoms that have no covalent (physical) bond. These are represented by
Lennard-Jones interactions.

J

I

K
I

J
L

J
K

I
J
I

K

L

Figure 8: Schematic showing bond, angle, dihedral, improper in Molecular Dynamics simulations [24]

The force field developed for this research is compatible for simulations of CNTpolymer interactions.
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II-2-1 OPLS Potential
The first force field considered for the simulations of this research was the
Optimized Potentials for Liquid Simulations (OPLS). It has been shown to be an
excellent match for MD simulations of polymers [25]. The potential was developed as an
OPLS –All-Atom (OPLS-AA) for increased quality of predictions, instead of the often
preferred OPLS-United-Atom (OPLS-UA) where certain parts of the EPON 862 and
DETDA molecules such as CH2, CH3 and CH are predefined (Figure 9). This reduces
computational resources needed, as an example, a propanol molecule is 5 united atoms
instead of 12 all atoms [26]. The OPLS-UA showed good results for MD aging
simulations of EPON 862-DETDA done by Bandyopadhyay [25].

Figure 9: On the left is the molecular structure of EPON 862 and on the right the molecular structure of DETDA
curing agent. The atoms marked in red are united atoms [25]

The equations for the OPLS-AA force field are presented in a paper by Jorgensen et
al [26].
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The OPLS-AA nonbonded interactions are defined by the Coulomb plus the
Lennard-Jones (L-J) terms defined below, where

is the interaction energy between

molecules a and b.

∑ ∑[

Where

,

(

is the partial charge

equilibrium distances [27]. The coefficients

)

]

is the elementary charge, and
(van der Waals Well depth) and

(2.11)

are the
(non-

bonded distance) are usually given for interactions between the atoms of the same
elements, (

,

), so that the following combining rules apply:
(2.12)

The same expression is applied for intramolecular nonbonded interactions between
all pair of atoms

separated by three or more bonds. Additionally,

except

for intramolecular 1,4-nonbonded interactions, interaction between the first and last
atoms in a dihedral, for which

, to allow for the use of the same parameters for

both intermolecular and intramolecular interactions.
The energies for bond stretching and angle bending are:
∑

(2.13)

∑

(2.14)
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With the bond and angle coefficients as
angles

and

and

, and the equilibrium bonds and

.

The equations for torsional (dihedral) energy are:

∑

∑
(2.15)
∑

Where
phase angles and

and

are the coefficients in the Fourier series,

and

are the

is the dihedral angle.

To capture as much detail as possible in the MD simulations the OPLS-AA potential
was fully developed using the paper by Jorgensen et al [28] and the collection of OPLSAA parameters provided by the Towhee molecular simulation program [29].
It was then tested on only a (60,0) SWCNT. During the tensile test, which is further
described in the simulations section, the SWCNT would not break. In LAMMPS the user
must tell the program to break a bond once it has stretched too much. The OPLS potential
in

LAMMPS

evaluates

the

non-bonded

interactions

intermolecularly

and

intramolecularly for atom pairs separated by three or more bonds. It reduces the 1,4intramolecular interactions by 2 in order to use the same parameters for both
intermolecular and intramolecular interactions. This results in the CNT atoms being
subjected to the Lennard-Jones interactions in addition to the bond, angle and dihedral
energies [28]. The requirement of fij=0.5 for the 1,4 interactions interfered with the bond
breaking settings needed in LAMMPS. These difficulties ultimately led to the OPLS-AA
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potential being inappropriate for our MD simulations. It was to be dropped in favor of the
COMPASS potential to allow for the modeling of the SWCNT and uncured polymer.

II-2-2 COMPASS
The MD simulations are conducted using the COMPASS (Condensed-Phase
Optimized Molecular Potentionals for Atomistic Simulation Studies) force field. It was
developed by Huai Sun of Molecular Simulations Inc [23] (now Accelrys). The values for
the composed force field are all taken from references [23], [30] and [31].
The COMPASS force field was created by ab initio and empirical parameterization
techniques matching the MD simulation data to experimental models [23]. The total
energy of the system can be split up into two categories [23]:
1) Valence terms that include diagonal and off-diagonal cross-coupling terms that
characterize internal coordinates of bond (b), angle (θ), torsion angle (φ), and out-ofplane angle (χ), and the cross-coupling terms include combinations of two or three
internal coordinates.
2) Nonbond interaction terms that contain a LJ-9-6 function for the van der Waals
and coulombic term.
The total Energy in the COMPASS force field is defined as follows [23]:
∑
∑
∑

(2.16)
∑
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∑

∑
∑

∑
∑

∑
∑

∑

[ (

)

(

) ]

To better explain the correlation between the equations given by H. Sun in the
references, the original equations will be compared with the LAMMPS equations in the
following individual sub-sections. The summation in the Sun equation is for the
summation of the energies for each of the atoms, while the LAMMPS formulation is for
the energy on a single atom.

II-2-2-1 Bonds
The bond term is expressed in a single term in Sun’s equation and there is one
corresponding term in LAMMPS.
∑

(2.17)

(2.18)
Where:

/

= Equilibrium bond distance in Å
Bond coefficient in kcal/mol/Å2
Bond coefficient in kcal/mol/Å3
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Bond coefficient in kcal/mol/Å4

II-2-2-2 Angles
The angle term in Sun’s equation is split up into three individual equations and there
are three corresponding equations in LAMMPS.
∑
∑

(2.19)

∑

(2.20)
(2.21)
Where:
Equilibrium angle
Angle coefficient in kcal/mol/radian2
Angle coefficient in kcal/mol/radian3
Angle coefficient in kcal/mol/radian4 (input angles in degrees, LAMMPS
converts to radian internally)
(

)(

)

(2.22)

Where:
BondBond coefficient in kcal/mol/Å2
Equilibrium bond distances in Å
(

)

(

)

(2.23)
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Where:
BondAngle coefficients in kcal/mol/Å2
Equilibrium bond distances in Å

II-2-2-3 Dihedral
The dihedral term is split up into four terms in Sun’s equation and there are six
corresponding terms in LAMMPS. The bond-angle term in Sun’s equation (∑
split up into three terms in LAMMPS

and

) is

(mbt = Middle-Bond-Torsion,

ebt = End-Bond-Torsion, bb13 = Bond-Bond 1,3).
∑
∑

(2.23)

∑

(2.24)
∑

(2.25)

With
Dihedral coefficient in kcal/mol
Dihedral angle in degrees (input angles in degrees, LAMMPS converts to radian
internally)

(

)

(2.26)

MiddleBondTorsion coefficient in kcal/mol/Å
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Equilibrium bond distance in Å, between atoms j-k
(

)

(2.27)

Where:
EndBondTorsion coefficient in kcal/mol/Å
Equilibrium bond distance in Å, between atoms i-j and k-l
(

)
(

(2.28)

)

Where:
AngleTorsion coefficient in kcal/mol/radian
Equilibrium angle in degrees, between atoms i-j and j-k (input angles in
degrees, LAMMPS converts to radian internally)

(

)(

)

(2.29)

Where:
AngleAngleTorsion coefficient in kcal/mol/radian2
Equilibrium angles in degrees, between atoms i-j and j-k (input angles in
degrees, LAMMPS converts to radian internally)

(2.30)
Where:
BondBond13 coefficient in kcal/mol/Å2
Equilibrium bond distance in Å, between atoms i-j and k-l
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II-2-2-4 Improper
The improper term in Sun’s equation is split up into two parts that have
corresponding parts in the LAMMPS equation.
∑

∑

(2.31)
(2.32)

[
(

)(

]
)

(

(2.33)
)(

)

(2.34)

Where:
K = Improper coefficient in kcal/mol/radian2
= Out of plane angles in degrees l (input angles in degrees, LAMMPS converts
to radian internally)
= AngleAngle coefficients in kcal/mol/Å
= Equilibrium angles in degrees (input angles in degrees, LAMMPS
converts to radian internally)

II-2-2-5 Non-bond interactions
∑

∑

[ (

[ ( )

)

(

) ]

( ) ]

(2.35)

(2.36)
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Where:
r < rc and rc is the cutoff radius
is in kcal/mol
is in Å
LAMMPS recommends that the 1-2, 1-3 and 1-4 interactions be turned off or
weighted for bonds, angles, dihedrals and impropers. This is done with the same
command that is used for bond breaking and creation. This is different from the situation
that arose using the OPLS potential since it is required that the 1-4 interactions are
weighted to 0.5.
The improper equations (2.31)-(2.34) are described for convenience. Due to very
little data being available in the literature for the improper coefficients no improper data
was used for the potential. This may be due to the fact that the improper term, that
describes the improper dihedral angles, is often used in the molecular topology to
maintain planarity or chirality, meaning that the term is used to contain the configuration
of an atom and the three atoms that are bonded to it [32].

II-3 Polymer Density Calculation
The density of the polymer needs to be known for the pull-out test simulations. The
density of the polymer is calculated by subtracting the volume of the cylinder occupied
by the SWCNT form the total box size. The volume calculated is occupied only by the
polymer molecules. The weight of the polymer is calculated using the atom weights and
number of each atom per EPON 862 and DETDA molecule given in Table 2.
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Table 2: Polymer number of each atom type for both EPON 862 and DETDA molecules as well as atom weights used
in density calculation

Atom Type
Hydrogen
Carbon
Oxygen
Nitrogen

Number in EPON
862
20
19
4
0

Number in DETDA
18
11
0
2

Atom Weight (u)
1.0079
12.011
15.9994
14.00679

The atom weight for the EPON 862 and DETDA molecule is calculated using the
following equation:

(2.37)
Where:
= The number of Hydrogen atoms and the mass of a Hydrogen atom in u
= The number of Carbon atoms and the mass of a Carbon atom in u
= The number of Oxygen atoms and the mass of a Oxygen atom in u
= The number of Nitrogen atoms and the mass of a Nitrogen atom in u
= Volume of the simulation box and volume occupied by the CNT in cm3
= Avogadro’s number (6.022*1023 mol-1)
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Chapter III – Modeling a polymer and a CNT using the
COMPASS force field
III-1 Polymer matrix
With an ever growing use of composite materials in the aviation industry epoxy
resins and their curing agents are the principal components of those composite materials.
Epoxide resins possess an epoxide group, known as oxirane, epoxy or ethoxyline
group. It is a three membered oxide ring shown in Figure 10. A resin contains more than
one of those epoxide groups which are used to create a polymer by adding a cross-linking
agent or curing agent, to the mixture. Once the curing agent is added and polymerization
takes place, a dense three dimensional web has been created [25].

Figure 10: Epoxide ring with two reacting Carbon atoms and one Oxygen atom [25].

The polymer chosen for this research is EPON 862 and curing agent DETDA
(Diethylene Toluene Diamine).
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III-1-1 Description of EPON 862
EPON 862 is a polymer resin that is used in this research. It is constructed of two
aromatic carbon rings connected by a carbon. At the end of each of the two aromatic
carbon rings are oxygen atoms. Those have a chain of three more carbon atoms. The last
two carbons are connected to a final oxygen. The general structure of EPON can be seen
in Figure 11.

Figure 11: EPON 862 molecule. Carbon is in grey. Hydrogen in white and
Oxygen in red. The aromatic rings are marked by the red arrows.

III-1-2 Description of DETDA
DETDA is the curing agent chosen for this research. It contains one aromatic carbon
ring. The aromatic ring consists of six carbon atoms, two of them have nitrogen atoms
30

connected to them, another three have carbon atoms connected to them and the last one
has a hydrogen connected. The DETDA molecule can be seen in Figure 12 with aromatic
carbon in grey, carbon in black, nitrogen in white and hydrogen atoms in white.

Figure 12: DETDA molecule. Aromatic Carbon is grey, Hydrogen is white, Carbon black and Nitrogen green

III-1-3 Notation for COMPASS
The terms listed in Table 3 show the labels used for the different atoms that are
extracted from the literature to create the COMPASS force field for the simulations. The
complete potential list can be found in the appendix and is given in LAMMPS input
notation. As can be observed there are multiple notations for Hydrogen, and Carbon
atoms. This is since different literature references use different notations for the atoms.
Unfortunately not all combinations of bonds, angles and dihedrals were found in a
single source. This becomes evident in the compiling of the force field input for the
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EPON 862 and DETDA molecules. Therefore certain compromises were taken to be able
to have data for all of combinations needed.
Table 3: Explanation of COMPASS terms from the literature

Formal type

Non-

Bond

Angle

Torsion

c3a (Carbon, sp , aromatic) [23]

bond
c3a

c3a

c3a

c3a

c3a

c4o (Carbon, sp3, generic) [23]

c4a

c4a

c4a

c4a

c4a

h1 (Hydrogen, non-polar) [23]

h1

h1

h1

h1

h1

n2 (Nitrogen) [31]

n2

n2

n2

n2

n2

o_2 ( Ester Oxygen) [33]

o_2

o_2

o_2

o_2

o_2

c (Alkyl Carbon) [33]

c

c

c

c

c

cp (Phenyl Carbon) [33]

cp

cp

cp

cp

cp

h (Alkyl and Phenyl) [33]

h

h

h

h

h

2

Out of plane

To better explain the correlation of how the atoms in Table 3 correspond with the
atoms seen in Figure 11 and Figure 12, Table 4 was created.
Table 4: Correlation between Table 1 and atom colors in Figure 11 and Figure 12

Formal atom type

Color in Figure 11 and Figure 12

c3a (Carbon, sp2, aromatic) [23]

Grey

c4o (Carbon, sp3, generic) [23]

Black

h1 (Hydrogen, non-polar) [23]

White

n2 (Nitrogen) [31]

Green

o_2 ( Ester Oxygen) [33]

Red

c (Alkyl Carbon) [33]

Grey

cp (Phenyl Carbon) [33]

Grey

h (Alkyl and Phenyl) [33]

White
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III-1-4 Curing/ Cross-Linking Process
The crosslinking between Epon 862 and DETDA occurs in 2 steps. First the bonds
between O-CH2 (Epon 862 molecule) and N-H (DETDA molecule) are broken. Those
bonds are circled in green in Figure 13.

Figure 13: Epon 862, DETDA before crosslinking. The bond between O-CH2 is broken as well as one of
the H-N2 bonds. NH-CH2 can bond, as well as O-H [16]

Then the free H atom from the DETDA molecule can bond to the O-atom from the
EPON 862 molecule and the CH2 from the EPON 862 molecule can bond to the NH from
the DETDA molecule. In a fully cross-linked model this will be the case on each of the
nitrogen atoms in the DETDA molecules, giving a ratio of 2 EPON 862 molecules for 1
DETDA molecule. The cross-linked bonds are circled in green in Figure 14.

Figure 14:A fully crosslinked model of Epon 862 and DETDA. Two Epon 862 molecules have bonded to one
DETDA molecule [16].
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III-2 CNT
A CNT is made out of pure Carbon atoms. This is constructed out of a sheet of
aromatic Carbon rings that has been rolled up into a tube. The SWCNT that we chose for
the tensile test is a (60,0) zig-zag CNT (Figure 15), while for the pull-out test, it is a
(10,10) armchair SWCNT.

Figure 15: Undeformed (60,0) SWCNT.

III-3 Test Simulations
III-3-1 Tension Test on a SWCNT
To test the created COMPASS force field, on the CNT only, a tension test of a (60,0)
SWCNT was performed. The periodic SWCNT, composed of 24000 atoms, is 425 Å long
and has a diameter of 46.98 Å.
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The CNT coordinates, bonds, angles and dihedrals were created using Visual
Molecular Dynamics (VMD) software [34]. The data is output by using the carbon
nanotube generator and saving the data in LAMMPS input file format using the TK
Console in the extensions tab located in the VMD main window.
An energy minimization was performed on the model, the temperature of the
simulation is set to 300K and the (60,0) SWCNT is subjected to a strain rate of 6.25x10-8
/fs. Periodic boundary conditions are applied in the Z direction (longitudinal axis of
CNT) and fixed in X and Y directions.
The strain rate is applied to all the atoms in the system using the LAMMPS
command: “fix deform”. The “erate” style in this command changes the simulation box
dimension at a constant engineering shear strain rate.
(3.1)
Where:
= the original box length
= the current length
= the elapsed time
The simulation box size is adjusted with the changing length of the CNT. The atom
positions are automatically recalculated by LAMMPS by adding the “remap” keyword.
A bond is stretched during the simulation, but LAMMPS does not break the
stretched bond unless the “bond/break” command is used to dictate the length at which
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the bond should break. The C-C bond breaking distance is set to 1.771 Å as per reference
[35].

III-3-2 Pull-out test of a SWCNT from a EPON 862/DETDA
mixture
The second simulation was that of a SWCNT embedded in an uncured mix of EPON
862/DETDA. The ratio of EPON 862 to DETDA is 2:1. The SWCNT is a (10,10) with a
diameter of 13.56Å and a length of 150Å. The model is composed of 2480 atoms for the
SWCNT and 23985 atoms for the polymer. The density of the polymer for the simulation
is 0.28 g/cm3, after the box size has been shrunk.
The EPON 862 and DETDA molecules are created using the prebuilt Epon
862/DETDA model from the Nanohub Polymer Modeler [36]. The structure obtained
from Polymer Modeler contained 16000 atoms. From that file a single EPON 862 and
DETDA molecules were extracted along with the bonds, angles, dihedrals and impropers.
Duplicating of EPON and DETDA molecules around the SWCNT was done using
the Packmol software package [37]. To increase the density of the polymer, a lower
density was achieved in a box with a larger size. The box was then shrunk while a force
field (50 kcal/Å) of cylindrical shape was put around the CNT to avoid polymer
molecules from entering the CNT. The shrinking is achieved in multiple steps. After each
shrinking a minimization is performed to allow the energy added to be released and the
new atom positions to be computed. During the shrinking steps the total energy of the
system will go up to 626000 kcal/mol but after the minimizations and setting the 1-2, 1-3
and 1-4 interactions to 0, 0 and 0.5 the total energy reduces back to the starting energy of
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130355 kcal/mol. The initial polymer density is 0.148 g/cm3 and the final density is 0.28
g/cm3.
Initial simulations were conducted where both the N-H2 and O-CH2 bonds were
broken by the LAMMPS simulation using “bond/break”. Since the H in N-H2 only
possesses one bond, when it was broken it was loose in the simulation box. Before it
could connect to the oxygen in the Epon 862 molecule the simulation would stop because
the hydrogen atom would leave the simulation box. To allow for the bond creation
process to be completed in the simulation the O-CH2 bond was broken manually in the
Epon 862 and the “extra bond per atom” command in LAMMPS is used to allow one of
the hydrogen atoms in NH2, DETDA molecule, to bond to the oxygen atom.
The initial models would reach the maximum allowed bonds per atom within 1000
fs, when around 100 H-O bonds had been created and only a dozen N-CH2 bonds. To
offset this and slow down the H-O bond creation the probability keyword is used and the
probability is reduced by 2. This permits a more even number of bond types to be created.
The system is then allowed to cross-link at a temperature of 600K. The bonds are
created by adding the “bond/create” command in LAMMPS. For bonds to be created,
both atoms have to be eligible to create a bond. Those are the Hydrogen and Nitrogen
atoms in the DETDA molecule and the Oxygen and Carbon atoms in the EPON 862
molecule. The atoms have to come within close proximity of each other. A radius is
defined in LAMMPS for which the bond is allowed to be created. For the C-N bond 3.0
Å was used, this is approximately twice the equilibrium bond distance, 2.5 Å is used for
the O-H bond, this is roughly 2.5 times the equilibrium bond distance. The curing is run
for 1.5 ps with one time step being 0.01fs.
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Once the polymer has been allowed to cure and minimize, the temperature is reset to
300K. An upper and lower layer of the polymer are frozen and a constant velocity of 150
Å/fs is added to the SWCNT and the pullout simulation is started as can be seen in Figure
16.

Figure 16: (10,10) SWCNT during beginning of pullout test. Carbon atoms are grey, Oxygen atoms are red,
Hydrogen atoms are white and Nitrogen atoms are green

The simulation has periodic boundary conditions in the X and Y directions while the
Z direction has a fixed condition that allows it to resize as the CNT is pulled out. The
longitudinal axis of the CNT is in the Z-direction.
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Chapter IV: Results of the simulations
IV-1 CNT Tension Simulation
The resulted break of the SWCNT occurred at ε = 19.2% and σ = 270 GPa (Figure
17). These results are obtained assuming the thickness of the CNT to be 3.4 Å. This is of
importance since the calculated breaking stress and therefore the obtained Young’s
modulus of the CNT can vary depending on what value is chosen for the CNT thickness
[38].

Tensile Test
300

Tensile Stress (GPa)

250
200

Simulation Data

150

Linear fit

y = 1436.4x + 1.671
R² = 0.9994

100
50
0
0

0.05

0.1

0.15

0.2

0.25

Strain

Figure 17: Stress-strain plot for (60,0) SWCNT tension test at 300K

The SWCNT volume is calculated as follows:
(4.1)
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Where:
= CNT length
23.4866Å = maximum radius of SWCNT at time step zero
1.7Å = 0.5*3.4Å, with 3.4Å being the assumed thickness of SWCNT wall
The virial stress per atom is calculated by LAMMPS using the following formula:

∑
∑
∑
(4.2)
∑
∑
∑

Where the first term is a kinetic energy contribution for atom I. The second term is a
pairwise energy contribution where n loops over the

neighbors of atom

the positions of the 2 atoms in the pairwise interaction, and

and

and

are

are the forces on

the 2 atoms resulting from the pairwise interactions. The third term is a bond contribution
of similar form for the
dihedral and

bonds which atom

improper interactions atom

is part of. Similar terms for the

angle,

is part of. There is also the term for the

Kspace contribution from the long-range Coulombic interactions. The last term is

for
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the fixes that apply internal constraint forces to atom . The virial stress is in units of
pressure*volume, requiring us to divide the output by the volume occupied by the atoms.
The stress tensor calculates the 6 symmetric stresses per atom, σxx, σyy, σzz, τxy, τxz, τyz.
Table 5: Young's Modulus based on SWCNT thickness

ε

σ (GPa)

Young’s Modulus (TPa)

3.30

0.192

278

1.48

3.35

0.192

274

1.46

3.40

0.192

270

1.44

3.45

0.192

266

1.42

3.50

0.192

263

1.40

CNT thickness (Å)

The Young’s Modulus in this case is the longitudinal Young’s modulus. The volume
used in the stress calculation is that of a hollow cylinder. The results for varying tube
thickness can be seen in Table 5. Table 6 shows Young’s moduli from other references.
However, the method for calculating the volume of the CNT is not always mentioned,
which can explain the variation in the values.
Table 6: Young's moduli from literature as comparisons to results

Source

CNT

Temperature

Young’s (TPa)

Method

Current work

300
(K)
300

1.44

MD

[39]

(60,0)
(m,n)
(60,0)

0.9-0.92

MD

[40]

(3,3)

0.01

1.0819±0.0084

MD

[41]

(5,5)

300

1.424

MD

300

1.25-0.35/+0.45

Experimental

[42]

The relatively high Young’s modulus in this research maybe explained due to the 12, 1-3 and 1-4 atom interactions neither being weighted nor turned off. This cannot be
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adjusted since the same command needed to break the CNT is used to weigh the
interactions.
The deformation in the (60,0) SWCNT after the tension test can be seen in Figure 18.
Along with the spots at the front end and toward the middle where there are multiple
bonds that have already been broken there is also massive deformation in the longitudinal
direction. This tube is no longer symmetric and straight as the initial tube in Figure 19
illustrates.

. The broken bonds are seen at the bottom of
Figure 18: (60,0) SWCNT deformed after a tension test.
the tube. The tube is no longer symmetric.
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Figure 19: A (60,0) SWCNT before (left) and after tension test (right). The deformation of the CNT can
be seen clearly on the bottom of the tube.

The original (60,0) SWCNT can be seen in Figure 19, the left side shows the initial
undeformed SWCNT where the right is the SWCNT after the tension test.

IV-2 SWCNT pullout test
The initial total energy of the pullout simulation is 130355 kcal/mol and the literature
indicates that the final total energy should be in the same range [21]. In the same
reference by Gou et al. the pullout energy is defined as:
(4.3)
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The interfacial shear strength is also defined by Gou et al. [21] as:

(4.4)
Where:
Length of the SWCNT
diameter of the SWCNT
In the simulations so far the final energy of the system rises to more than 1000 times
the initial energy. It is currently not possible to calculate the shear stresses since the
initial and final energy are needed. With the starting energy close to the initial energy of
similar simulations this shows that the issues are with the setup of the simulation
(boundary condition, application of pull-out force) and not with the potential.
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Chapter V: Conclusion and Future Work
Information parameter for a COMPASS force field was gathered for use in MD
simulations that are performed using LAMMPS. The user has full control over the input
of the potential, which, as noted by J. Tack in [20] is an issue when using in Material
Studio by Accelrys.
The initial results are promising for the plain (60,0) SWCNT simulations. The
calculated Young’s modulus at 1.4 TPa is on the higher side of results but more
simulations with different CNT (m,n) and lengths must be performed. The relatively high
Young’s modulus may be due to the 1-2, 1-3 and 1-4 atom interactions not being turned
off or weighted. Future work can include simulations where the atom interactions are
weighted and the failure is based on bond length calculations that are performed either
using LAMMPS commands or a separate code that uses the LAMMPS output to calculate
the bond length.
The SWCNT embedded in the partially cured Epon 862/DETDA also showed very
good early results for the pullout simulation. The future work must include the
improvement of the packing of the polymer matrix molecules into the simulation box to
reach the target density of 1.2 g/cm3. A more refined simulation for the crosslinking must
be established to get more cross-linked terms.
Further work must be done to research the implementation of the improper terms for
both the SWCNT and the EPON 862/DETDA polymer.
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The boundary conditions for the pull-out simulations should be researched further.
The spike in the total energy might be related to how the polymer is frozen while a
velocity is applied to the SWCNT.
The developed models and procedures can be used to run accurate simulations of
CNT and polymer mixtures. Some possible tests include refinement of the pullout
procedure or nanoindentation of the models.
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APPENDIX A: COMPASS parameters for non-bond
interactions

Note: ij-interactions (such as c3a-h1) are defined by the rule described in equation (2.12).
The pair_coeff number is utilized in the LAMMPS input.
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APPENDIX

B:

COMPASS

parameters

for

bond

interactions
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APPENDIX

C:

COMPASS

parameters

for

angle

interactions
Note: Where data was not found in the literature the cell is left blank.
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APPENDIX D: COMPASS parameters for dihedral
interactions
Note: Where data was not found in the literature the cell is left blank.
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